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TIME DIVISION MULTIPLEXED , PILOTED CURRENT MONITORING 
IN A SWITCHED MODE DC -DC VOLTAGE CONVERTER AND PHASE 
CURRENT MEASUREMENT CALIBRATION FOR A MULTIPHASE 

CONVERTER 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[001] The present application claims the benefit of co- 
pending U.S. Provisional Applications, Serial No. 
60/459,668 filed April 2, 2003 by L. Pearce, entitled: 
"Time Division Piloted Current Monitoring In Switching 
DC-DC Converters," and Serial No. 60/459,676, filed 
April* 2, 2003, by Bartlett, entitled: "Phase 

Current Measurement Calibration, " each application 
being assigned to the assignee of the present 
application and the disclosures of which are 
incorporated herein . 

FIEIiD OF THE INVENTION 

[002] The present invention relates in general to DC 
power supplies and components therefor, and is 
particularly directed to a new and improved current 
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measurement and calibration architecture for a half- 
bridge phase of a buck mode DC-DC voltage converter. 

BACKGROUND OF THE INVENTION 

[003] Accurate measurement of current in a half-bridge 
phase of a buck mode DC-DC voltage converter, a 
reduced complexity diagram of which is shown in Figure 
1, has become a fundamental design issue in many CPU 
core power applications. Current measurement 
information is applied to three basic application 
objectives. The first, ■ and usually the least 
demanding, is to identify an overcurrent condition. 
The second involves current balancing, either between 
different phases of a multiphase system, or between 
parallel configured DC-DC control systems that supply 
a common power node. The former situation is typically 
more demanding, and is directed at evenly distributing 
thermal effects and allowing lower current and power 
safety margins on the phase components (e.g., 
switching MOSFETs) . The third objective, which is by 
far the most demanding need for accurate and precise 
current data, is the load-line specification for CPU 
systems. This effectively corresponds to a DC output 
impedance that would represent a much too high 
efficiency loss, if it were actually implemented with 
an output resistor. As a result the load-line is 
achieved by modulating the set-point voltage for the 
converter based on the current demand of the load. The 
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basic problem being addressed is to monitor the 
current flowing into the load. 

[004] The half-bridge circuit of Figure 1 is comprised 
of a high side NMOSFET 10 whose source-drain path is 
coupled in series with the source-drain path of a low 
side NMOSFET 2 0 between a power source 30 and ground 
(GND) . Associated with the high side MOSFET 10 is a 
parasitic, on-resistance Rdsonio/ while low side MOSFET 
20 has a parasitic on-resistance Rdson2o- An output 
inductor 40, which is coupled between a common phase 
node 15 and an output node 25, to which capacitor 35 
and load 37 are coupled, has an effective series 
resistance ESR that is represented by parasitic 
resistor 50. 

[005] Although use may be made of only the above- 
referenced parasitic resistances of the half-bridge 
obtaining indirect measurement of the inductor 
current, each element has practical problems 
associated with it. For one thing, all three resistive 
components have manufacturing tolerances that must 
either satisfy system accuracy requirements or require 
calibration. Also, all three resistive elements have 
temperature dependencies which must be compensated if 
an accurate current measurement is to be inferred from 
the respective stages. Moreover, in all cases, if the 
converter is efficient, the voltages across these 
components are small so that noise is a concern. 
[006] For either of the two RdsonS the voltage 
measurement must be conducted during the time that the 



3 



Doc. No. 50196 SE1954IP 



respective MOSFET is in the ON state (conducting) . 
This requirement entails the difficulty of avoiding 
switching transients " in the R D son waveform. The high 
side (HS) Rdsonio measurement typically must be 
conducted during a very narrow time window due to 
voltage step down, and additionally the phase voltage 
at 15 must be referenced to the input power voltage. 
The low side (LS) Rdson2o measurement has a longer 
measurement interval available, but requires the 
measurement of a ground-referenced voltage that goes 
below ground. For the ESR, the DC component of a 
triangular waveform voltage is desired, so that 
filtering is implicit. 

[007] Of course, an auxiliary 'measurement 1 resistor 
could be inserted into any of the branches of the 
half-bridge to facilitate current measurement. 
However, doing so would introduce additional power 
dissipation losses and extra components in the design. 
As a consequence, measurement resistors are typically 
avoided if possible. 

[008] Figure 2 diagrammatically . illustrates a 
modification of the half-bridge of Figure 1 to include 
a (relatively small area) pilot or current mirror 
NMOSFET 12 associated with the high side NMOSFET 10. 
The pilot .device 12 has its gate and drain electrodes 
coupled in common with the respective gate and drain 
electrodes of the high side NMOSFET 10, while the 
source of the pilot device 12 is coupled to current 
monitoring circuitry 70. A determination of the 
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current flow through the high side MOSFET 10 is based 
upon the current flowing through the pilot device 12 
and the geometric ratio of the size of the pilot 
device 12 to that of the high side MOSFET 10. Although 
not explicitly shown it is understood that the current 
monitoring circuitry 70 must match .the voltages on the 
source terminals of NMOSFETs 10 and 12. Because the 
pilot device 12 and the high side MOSFET 10 are 
located on the same substrate or die, thermal 
compensation is implicit. A principal disadvantage of 
this architecture is the necessity of using a 
specialized MOSFET (comprised of the combination of 
the high side MOSFET and its associated pilot device) . 
[009] Figure 3 diagrammatically illustrates a piloted 
approach that is similar to that of Figure 2, except 
that the high side devices are PMOSFETs. This has the 
advantage of allowing relatively easy matching of the 
gate-to-source voltage in the high side PMOSFET 10 and 
the pilot device 12, while extracting the current 
measurement from the drain of the pilot device. Again 
the current monitoring circuitry 70 provides voltage 
matching for the drains of PMOSFETs 10 and 12. A 
disadvantage is the reduced performance of PMOS device 
compared with an NMOS device. Also a PMOS device is 
more costly and requires more gate drive than a 
comparable NMOS device. 

[010] In either of the piloted approaches of Figures 2 
and 3, the easiest implementation is that where the 
power MOSFET, pilot MOSFET and current measurement 
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circuitry are integrated together. However, this leads 
to a very expensive power transistor, when compared to 
using a discrete MOSFET. As a result, conventional 
piloted current measurement designs require a tradeoff 
between significant price (associated with cost of 
production) and performance. 

SUMMARY OF THE INVENTION 

[011] Pursuant to a first aspect of the present 
invention, the above-discussed problems associated 
with conventional piloted designs are substantially 
reduced by configuring the basic half-bridge 
architecture of Figure 1 as a time-division 
multiplexed piloted circuit architecture, wherein 
current measurements conducted by auxiliary pilot- 
based current measurement circuitry are conducted on 
an intermittent basis (such as periodically) relative 
to the activation frequency of a high side or low side 
MOSFET with which the pilot-based current measurement 
circuitry is associated. 

[012] In accordance with a non-limiting embodiment, the 
pilot-based current measurement circuitry is comprised 
of a pair of auxiliary MOSFETs that are coupled with a 
high side MOSFET of the half-bridge phase of a buck 
mode DC-DC voltage converter. The auxiliary MOSFETs 
include a relatively small area pilot MOSFET and a* 
companion, larger area MOSFET, whose ON conductance is 
a prescribed reduced fraction (e.g., one-fourth) of 
the high side MOSFET.- Since the ON conductance of a 
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MOSFET scales with device area, the lower conductance 
allows a smaller and consequently cheaper companion 
MOSFET. Although this reduced area produces a larger 
instantaneous power dissipation than in the high side 
MOSFET, it is relatively small on a time-averaged 
basis (over tens to hundreds of switching cycles) . 
[013] An NMOSFET (PMOSFET) pilot device has its gate 
and drain (source) electrodes coupled in common with 
the respective gate and drain (source) electrodes of 
the high side auxiliary NMOSFET (PMOSFET), while the 
source (drain) of the pilot device is coupled to 
current monitoring circuitry. The gates of the two 
auxiliary MOSFETs are driven by a condition responsive 
control circuit, such as a sequentially clocked 
counter or a load transient responsive circuit that is 
intended to activate the pilot circuitry only in the 
event of an output anomaly. 

[014] As in the architecture of Figure 2, described 
above, a determination of the current flow through the 
auxiliary high side MOSFET is based upon the current 
flowing through the pilot device and the geometric 
ratio of the size of the pilot device to that of the 
high side auxiliary MOSFET. Pursuant to the invention, 
the pilot circuitry is activated on a reduced 
frequency, time division multiplexed basis relative to 
that of the high side MOSFET - for example, once for 
every 20 to 1000 cycles for the high side MOSFET. This 
leads to a very efficient operation, as the high side 
MOSFET is activated for a large number of switching 
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cycles relative to the pilot circuitry, but the pilot 
circuitry is activated sufficiently often to derive a 
relatively accurate measure of current flow. 
[015] In accordance with a second aspect of the 
invention, a pilot (current mirror) transistor is used 
to derive an accurate scaled version of current flow 
in the high side MOSFET of a selected phase of a 
multiphase DC-converter. This scaled version of 
current flow value is then ratioed with a current 
measurement derived by sensing the voltage drop across 
the on-resistance R D son of the low side MOSFET for that 
phase, so as to produce a current ratio 
proportionality constant. Current measurements for the 
remaining phases are conducted by sensing the voltage 
drops across the respective on-resistances Rdson for 
those phases and then adjusting the measured values by 
the proportionality constant. Variables in this 
technique are how well the MOSFETs in each phase are 
matched to one another, and the range of variation of 
the absolute value of MOSFET on-resistance. This 
latter factor is the limiting factor in determining 
the accuracy of the current measurements. 
[016] Pursuant to a third aspect of the invention, the 
time division multiplex methodology of the first 
embodiment is substituted for the pilot current 
measurement scheme carried out in the second 
embodiment to derive the current measurement scaling 
factor of the second embodiment. Namely, the current 
mirror or pilot transistor of the second embodiment is 
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replaced by the auxiliary circuitry of the first 
embodiment, containing the relatively small area -pilot 
MOSFET switch and its companion larger area MOSFET. As 
in that embodiment, the pilot circuitry in a 
respective phase section of the second embodiment is 
activated on a reduced, time division multiplexed 
basis relative to that of the high side MOSFET . This 
periodically measured pilot current is then divided by 
the current measured across the on-resistance of the 
low side NMOSFET to produce the requisite scaling 
factor Ks to be used for the remaining phase 
section (s) . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[017] Figure 1 is a reduced complexity diagram of a 
half-bridge phase of a buck mode DC-DC voltage 
converter; 

[018] Figure 2 diagrammatically illustrates a 
modification of the half-bridge of Figure 1 to include 
a pilot NMOSFET switch associated with the high side 
NMOSFET; 

[019] Figure 3 diagrammatically illustrates a piloted 
approach similar to Figure 2, except that the high 
side devices are PMOSFETs; 

[020] Figure 4 is a non-limiting, but preferred 
embodiment of the . time-division multiplexed piloted 
half-bridge architecture of the present invention; 
[021] Figure 5 shows a reduced complexity diagram of a 
buck mode two-phase DC converter comprised of a phase 
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1 section and a phase 2 section representing the 
second aspect of this invention; and 

[022] Figure 6 shows a replacement of the current 
mirror or pilot transistor of the embodiment of Figure 
5 by the auxiliary circuitry of Figure 4 containing 
the relatively small area pilot PMOSFET switch and its 
companion larger area PMOSFET . 

DETAILED DESCRIPTION 

[023] A non-limiting, but preferred embodiment of the 
time-division multiplexed piloted half-bridge 
architecture of the present invention is 
diagrammatically illustrated in Figure 4 as comprising 
an auxiliary high side switching circuit 100 
containing a pair of PMOSFETs 110 and 120 that are 
coupled with the high side NMOSFET 10. In particular, 
the auxiliary circuitry 100 comprises an integrated 
circuit containing relatively small area pilot 

(current mirror) PMOSFET 110 and a companion larger 
area PMOSFET 120. For this purpose, the larger area 
PMOSFET 120 may comprise a relatively large number of 
parallel connected PMOSFETs, the area of an individual 
one of which corresponds to the area of the - current 
mirror PMOSFET 110 to realize a prescribed scaling of 
the current by the ratio of the areas of the two 
devices. In addition, while the conductance of the 
PMOSFET 120 could be made proximate to that of the 
high side NMOSFET 10, it is preferably only a fraction 

(e.g., one-fourth) of the same in order to reduce the 
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overall cost of the auxiliary circuitry. Although this 
reduced area entails a larger instantaneous power 
dissipation in the PMOSFET 120 than in the NMOSFET 10, 
it is still relatively small on a time-averaged basis 
(over tens to hundreds of switching cycles). 
[024] The pilot device 110 has its gate and source 
electrodes coupled in common with the respective gate 
and source electrodes of the PMOSFET 120, while the 
drain of the pilot device 110 is coupled to current 
monitoring circuitry 70. The gates of the two 
auxiliary PMOSFETs 110 and 120 are driven by a 
condition responsive control circuit 80, such as a 
sequentially clocked counter which counts pulses 
produced by a pulse width modulator, in the case of a 
periodic activation of the pilot circuit, or a load 
transient responsive circuit, that is intended to 
activate the pilot circuitry only in the event of an 
output anomaly. In either case, activation of the 
pilot circuitry occurs relatively infrequently 
compared to that of high side NMOSFET 10. 
[025] As in the architecture of Figure 3, a 
determination of the . current flow through the 
auxiliary high side PMOSFET 120 is based upon the 
current flowing through the pilot device 110 and the 
geometric ratio of the size of the pilot device 110 to 
that of the high side . auxiliary PMOSFET 120. Again, 
with the pilot device 110 and the auxiliary high side 
PMOSFET 120 being located on the same substrate, 
thermal compensation is implicit. Also, as noted 
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above, the ON-conductance of the auxiliary high side 
PMOSFET 120 is some fraction of that of the high side 
NMOSFET 10. 

[026] In accordance with the invention , the pilot 
circuitry 100 is activated on a reduced, time division 
multiplexed basis relative to that of the high side 
NMOSFET 10 - for example, once for every 20 to 1000 
cycles for the high side NMOSFET 10. Moreover, the two 
circuits are never simultaneously active. Namely, 
whenever the pilot circuitry 100 is activated (at some 
small fraction of the number of activation cycles of 
the high side NMOSFET 10), the high side NMOSFET 10 is 
not activated and, in a complementary manner, whenever 
the high side NMOSFET 10 is activated (which is most 
of the time) , the pilot circuitry 100 is not 
activated. In effect this leads to a - very efficient 
operation, as the high side NMOSFET 10 is activated 
for a very large number of switching cycles relative 
to the pilot circuitry 100, but the pilot circuitry is 
activated sufficiently often to derive a relatively 
accurate measure of current flow, as desired. 
[027] As a non-limiting example, consider the case of a 
single DC-DC converter phase, wherein the PMOSFETS 110 
and 120 of the auxiliary high side monitoring circuit 
100 are activated once out of every twenty switching 
cycles (the high side NMOSFET 10 being activated the 
other nineteen out of every twenty switching cycles). 
In addition, in order to keep the PMOSFET 110 small 
(and therefore less costly), it is designed to provide. 
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only one-fourth of the conductance of the NMOSFET 10. 
This leads to a conduction dissipation (I 2 R) in the 
high side of the phase of 23/20 (or 115%) of the non- 
monitored case, rather than the 400% (I 2 R) if the 
monitor PMOSFET circuitry simply replaced the NMOS 
device. The thermal load in the PMOS circuit 100 is 
only l/20th or 5% of what it would be if it simply 
replaced the NMOS device, and is 4/19 or 21% of the 
dissipation of the NMOSFET 10. 

[028] Another non-limiting example of operation of the 
embodiment of Figure 4 activates the auxiliary 
PMOSFETs 110 and 120 every switching cycle. The 
NMOSFET 10 is activated all cycles except those in 
which the current is measured. In accordance with 

the previous example, if the current measurement is 
executed once every twenty cycles, the NMOSFET is 
activated only nineteen of twenty cycles. During the 
nineteen cycles the NMOSFET and the auxiliary PMOSFETs 
are operated in parallel. Assuming the same 4:1 
conductance ratio between the NMOSFET and the large 
auxiliary PMOSFET, the net power dissipation is 
reduced to 96% of that seen with only the NMOSFET. 
The power dissipation is distributed with 63% in the 
NMOSFET and 37% in the PMOSFET. This mode of 

operation increases the PMOSFET dissipation 7 6% over 
the previous exclusionary mode, but it also yields the 
most system benefit from the PMOSFET conductance and 
lowers the conductance dissipation by 4%. 
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[029] It may be readily appreciated that intermittent 
activation or 'sampling 1 of the phase current by the 
time division multiplexed piloted scheme of the 
invention provides a significant improvement in the 
compromise between performance and cost (the piloted 
device being significantly more expensive per unit 
conductance). The penalty is a longer time between 
current measurements (namely every N number of cycles , 
as opposed to every cycle) . However, as noted above, 
the frequency of operation of the auxiliary current- 
measuring MOSFETs is sufficiently often as to provide 
a meaningful measure of current. As long as a change 
in load current is not expected, there should be no 
significant change in the measured current on a time- 
averaged basis. In the event of a load transient, that 
event may be used to override the normal periodic 
measurement cycle and cause the auxiliary pilot 
circuitry to immediately measure current during the 
transient interval . 

[030] - If the piloted monitoring scheme of Figure 4 is 
used to 'calibrate' the value of R D son of one of the 
low side NMOSFETs (as will be described) , then at 
least a relative change in current information can 
continue to be made available at the full switching 
rate by conventional techniques, while the piloted 
current measurement is carried out at a considerably 
reduced rate. This constitutes an improvement of 
present Rdson monitoring schemes, which do not 
adaptively calibrate. The invention also allows for 
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predictive Rdson vs. temperature modeling to anticipate 
the movement of Rdson- 

[031] .It should also be noted that the time-division 
multiplexed, piloted MOSFET circuit 100 may be 
implemented using NMOSFETs and may be applied to the 
low side MOSFET 20. The invention may also be used in 
a multiphase system, to monitor only one of multiple 
and similar phases to provide an improved current 
measurement . 

[032] As noted above, pursuant to a second aspect of 
the present invention, a pilot (current mirror) 
transistor may be used to derive an accurate scaled 
version of current flow in the high side FET of a 
selected phase of a multiphase DC-converter. This 
scaled version of current flow value is then ratioed 
with a current measurement derived by sensing the 
voltage drop across the on-resistance Rdson of the low 
side FET for that phase, so as to produce a current 
ratio proportionality constant. Current measurements 
for the remaining phases are conducted by sensing the 
voltage drops across the respective on-resistances 
Rdson for those phases and then adjusting the measured 
values by the proportionality constant.- Variables in 
this technique are how well the FETs in each phase are 
matched to one another, and the range of variation of 
the absolute value of FET on-resistance. This latter 
factor is the limiting factor in determining the 
accuracy of the current measurements. 
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[033] This technique is diagrammatically illustrated in 
Figure 5, which shows a reduced complexity diagram of 
the buck mode high side and low side FETs of a two- 
phase DC converter, comprised of a phase 1 section 50 
and a phase 2 section 60. As shown therein, phase 1 
section 50 comprises a high side FET 51 having its 
source-drain current flow path coupled in series with 
a low side FET 52. An auxiliary pilot FET 53 scaled 
down relative to the size of FET 51 is coupled in 
current mirror configuration with the high side FET 
51. The on-resistance of each of the low side FETs is 
shown as R D son- The voltage drop across the source and 
drain of the low side FET 52 is measured and then 
divided by the nominal specification value for the 
value of Rdson, to provide a coarse measurement value 
of current. For this purpose, with the low side FET 52 
coupled to ground, the voltage drop across its on- 
resistance is the voltage at the phase node 55. This 
voltage measurement is digitized by A-D converter 56 
and then coupled to the converter's control processor 
57 which carries out the current calculation based 
upon the measured voltage across Rdson- 

[034] The current mirror or pilot transistor 53 
provides a scaled version of the actual current 
through high side FET 51 and thereby through low side 
FET 52. This current value is digitized and coupled to 
the control processor wherein it is divided by the 
coarse measurement current value of the low side FET 
52 to produce a current scaling constant Ks . 
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Multiplying the coarse current measurement value 
derived across Rdson by Ks yields the accurately 
calibrated current value. 

[035] For the present two phase example, the remaining 
phase 2 . section 60 comprises a high side FET 61 having 
its source-drain current flow path coupled in series 
with low side FET 62. However, unlike phase 1, there 
is no auxiliary pilot FET corresponding to FET 53 of 
phase 1. The on-resistance of the low side FET 62 is 
shown as Rdson62 - As in the phase 1 measurement, the 
voltage drop across the source and drain of the low 
side FET 62 is measured and then divided by the 
nominal specification value for the value of R D son62, to 
provide a coarse measurement or proximate value of 
current through the phase 2 section 60. In order to 
calibrate this current measurement, the coarse current 
value for the phase 2 section is multiplied by the 
current scaling constant Ks derived in the phase 1 
section. As in the phase 1 section, multiplying the 
coarse current measurement value derived across Rdson62 
by Ks yields a calibrated current value for the phase 
2 current. 

[036] According to a third aspect of the present 
invention, the time division multiplex methodology of 
the first embodiment is substituted for the pilot 
current measurement scheme carried out in the second 
embodiment to derive the current measurement scaling 
factor of the second embodiment. • This is 
diagrammatically illustrated in Figure 6, wherein the 
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current mirror or pilot transistor 53 of the 
embodiment of Figure 5 is replaced by the auxiliary 
circuitry 100 of Figure 4 containing the relatively 
small area pilot PMOS switch 110 and its companion 
larger area PMOSFET 120. As in that embodiment, the 
pilot circuitry 100 in the phase 1 section of the 
embodiment of Figure 6 is activated on a reduced, time 
division multiplexed basis relative to that of the 
high side NMOSFET 10, for example, once for every 20 
to 1000 cycles for the high side NMOSFET 10, as 
described above. This periodically measured pilot 
current is then divided by the current measured across 
the on-resistance Rdson52, to produce the requisite 
scaling factor Ks to be used for the remaining . phase 
section (s ) . 

[037] As will be appreciated from the foregoing 
description, current monitoring problems associated 
with conventional piloted buck mode half bridge DC-DC 
converter designs may be substantially reduced by 
configuring the basic half-bridge architecture as a 
time-division multiplexed piloted circuit 

architecture, wherein current measurements conducted 
by auxiliary pilot-based current measurement circuitry 
are conducted on an intermittent basis relative to the 
activation frequency of a high side or low side MOSFET 
with which the pilot-based current measurement 
circuitry is associated. Moreover such a multiplexed 
approach may ' be applied to a current measurement 
scaling methodology of a multiphase architecture to 
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produce the requisite scaling factor Ks to be used for 
the remaining phase sect ion (s). 

[038] While we have shown and described several 
embodiments in accordance with the present invention, 
it is to be understood that the same is not limited 
thereto but is susceptible to . numerous changes and 
modifications as known to a person skilled in the art, 
and we therefore do not wish to be limited to the 
details shown and described herein, but intend to 
cover all such changes and modifications as are 
obvious to one of ordinary skill in the art. 
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